Introduction
============

Colon cancer is regarded as one of the most common cancers with high rate of morbidity and mortality.[@b1-ijn-10-6445] Colorectal cancer is the third most leading cause of cancer-related death across the world, and it accounts for 40% of all cancers diagnosed every year.[@b2-ijn-10-6445] Nearly half a million cancer deaths due to colon cancers were reported in 2014. Various treatment modalities include surgery, radiofrequency ablation, cryosurgery, chemotherapy, radiation therapy, and targeted therapy. Among all of these, chemotherapy is the most convenient and preferred treatment modality to improve patient's profile and quality of life.[@b3-ijn-10-6445],[@b4-ijn-10-6445] Despite being a standard treatment strategy, conventional chemotherapy is far from effective, and often ineffective due to the low concentration of drug that reaches the cancer site.

In this regard, US Food and Drug Administration have approved many anticancer drugs in the treatment of colon cancers including 5-fluorouracil (5-FU), bevacizumab, irinotecan, capecitabine, and oxaliplatin.[@b5-ijn-10-6445],[@b6-ijn-10-6445] Among all of these, 5-FU is used as a first-line chemotherapeutic drug in colorectal cancers, and immediately after surgery, as an adjuvant therapy. In general, 5-FU is a thymidylate synthase inhibitor (interferes with DNA synthesis) that acts by arresting cancer cell growth at S-phase of cell cycle.[@b7-ijn-10-6445] Despite its potential anticancer effect, the systemic application of 5-FU is hindered by its rapid clearance from the blood circulation (in vivo). Intravenous administration of 5-FU results in a large systemic distribution with only a small fraction of the dose reaching the site of action.[@b8-ijn-10-6445] At the same time, continuous high concentration (doses) of drug can cause serious drug-related side effects. Therefore, it is utmost necessary to develop a nano drug delivery system to increase the therapeutic performance of 5-FU.[@b9-ijn-10-6445],[@b10-ijn-10-6445] To overcome the aforementioned limitations, a number of polymer-based drug delivery systems have been developed. Although polymeric nanoparticles have great potential in drug delivery, their suitability for cancer targeting remains hindered due to their poor in vivo stability and nonspecific nature. Enhanced permeation and retention effect has become a sole way of cancer targeting, wherein these nanoparticles can pass through the leaky vasculature. Studies have shown that enhanced permeation and retention effect has limited role in effective targeting of drugs to cancer sites.[@b11-ijn-10-6445] The distribution of carriers within the tumor cells is challenging due to limited permeability of NPs within the tumors and lack of inherent affinity between the passively targeted NPs and tumor cells.[@b12-ijn-10-6445] Therefore, an effective drug delivery system that can actively target the tumor and at the same time remain biocompatible needs to be developed.

Engineering multifunctional nanocarriers for targeted drug delivery shows promising potentials to revolutionize the cancer chemotherapy. Silica nanoparticles (SiNP) possesses unique advantages as a delivery carrier, including excellent biocompatibility, high hydrophobicity, systemic stability, and resistance to pH changes, and also, it can be largely multifunctional.[@b13-ijn-10-6445],[@b14-ijn-10-6445] Due to its nanosize, it can easily permeate the tumor tissues (via active and passive targeting) and release the drug in a sustained manner. At the same time, intracellular concentration of drug could be increased by conjugating it to a biomolecule. Hyaluronic acid (HA) is reported to possess strong affinity toward the CD44 overexpressing cancer cells.[@b14-ijn-10-6445] The HA, which is composed of *N*-acetyl-D-glucosamine and D-glucuronic acid, interacts with the CDD4 overexpressing cancer cells.[@b15-ijn-10-6445] There are numerous advantages of conjugating HA on the NP surfaces: 1) CD44 receptors are overexpressed in multiple human cancer cells, and their density increases with the stages of cancers, 2) high availability and low cost, 3) HA is nonantigenic and biocompatible, and 4) high affinity toward the receptors. Therefore, HA-based targeting delivery systems are expected to show great potential in clinical applications.[@b16-ijn-10-6445],[@b17-ijn-10-6445]

The main aim of the present study was to increase the therapeutic efficacy of 5-FU in colon cancers. 5-FU was encapsulated in a biocompatible silica nanocarrier and chemically conjugated with a HA biomolecule to achieve active tumor-targeting ability in CD44 overexpressed colorectal cancer cells. The anticancer ability of 5-FU-loaded HA-conjugated SiNPs was investigated by evaluating the physiochemical parameters (size, shape, and release profile), cellular uptake, cytotoxicity assay, and apoptosis analysis (qualitative and flow cytometer).

Materials and methods
=====================

Materials
---------

Aerosol-OT (AOT), vinyltrimethoxysilane, 3-aminopropyl-triethoxysilane, ethyl-3-(3-dimethylamino) propyl carbodiimide hydrochloride (EDC), *N*-hydroxysuccinimide were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Sodium HA (molecular weight =35 kDa) was purchased from Shandong Freda Biopharm Co., Ltd., Jinan, People's Republic of China. All other chemicals were reagent grade and used without further purifications.

Preparation of 5-FU-loaded HA-conjugated SiNPs
----------------------------------------------

SiNPs were prepared by dissolving 0.45 g Aerosol-OT, and 800 µL of 1-butanol was added in water (20 mL) and constantly stirred for 30 minutes. A specified amount of 50 mg 5-FU was first dissolved in dimethylformamide and then in the aqueous solutions. A total of 280 µL of vinyltrimethoxysilane was added to the micellar system, and the solution was stirred for 60 minutes. Now, 3-aminopropyl-triethoxysilane was added to the above solution and stirred for an additional 24 hours. The 5-FU-loaded nanoparticles were centrifuged to remove the unreacted byproducts.

Before conjugation of HA to the silica NP, HA was activated by dissolving it in a HEPES buffer and stirred for 30 minutes. EDC and hydroxysuccinimide were prepared in ultra-pure water and added to the HA solution and further stirred for 60 minutes. HA-conjugated silica NP was prepared by adding three parts of activated HA solution to one part of bare NP and stirred overnight. The unreacted HA was removed by dialysis method. The amount of 5-FU entrapped in the NP was determined from the supernatant. Supernatant was subjected to analysis for unloaded drug concentration by HPLC. The HPLC system consisted of a Waters Model 1515 HPLC pump, a Waters autosampler Model 717 plus, and a Waters 2487 dual *λ* absorbance UV detector (Waters Inc., Bedford, MA, USA). The detector wavelength was set at 260 nm. Mobile phase of 40 mM phosphate buffer adjusted to pH 7.0 (10% w/v potassium hydroxide) was used in the analysis, and the flow rate was kept constant at 1 mL/min. The loading capacity (DLC) and loading efficiency (LE) were calculated using the below formulae: $$\begin{array}{l}
{\text{DLC}(\text{wt}\%) = \frac{\text{Weight~of~loaded~drug}}{\text{Total~weight~of~loaded~drug~and~polymer}} \times 100\%} \\
{\text{LE}\ (\%) = \frac{\text{Weight~of~loaded~drug}}{\text{Weight~of~drug~in~feed}} \times 100\%} \\
\end{array}$$

Particle size analysis (DLS and TEM)
------------------------------------

The particle size and size distribution of NPs were evaluated by means of dynamic light scattering (DLS) instruments (Zetatrac, Microtrac Inc.). The samples were diluted suitably before the measurement. Malvern Nano-ZS 90 laser particle size analyzer was used at 25°C. The morphological characteristics of NPs were evaluated by a transmission electron microscope (TEM, H-6009IV, Hitachi Ltd., Tokyo, Japan). The samples were diluted with distilled water and put on a copper grid covered with carbon. The samples were then negatively stained with 2% phosphotungstic acid and dried at room temperature.

Drug release study
------------------

The release profile of 5-FU from the silica NP system was characterized by dialysis method. The experiments were carried out in phosphate-buffered saline (PBS) of pH 7.4 at 37°C. The release study was conducted in sink conditions. Specified quantity of dried NP (1 mg of equivalent 5-FU) was dispersed in 1 mL of distilled water and transferred to dialysis tubes and kept in a vessel containing PBS (volume of dialysate =30 mL) of pH 7.4. The whole system was incubated at 37°C under shaking. At specific time intervals, 1 mL of release medium was removed and analyzed for amount of 5-FU released. Release media was subjected to analysis for drug concentration by HPLC. All the experiments were repeated thrice, and triplicates were analyzed in each set.

Cytotoxicity assay
------------------

The human colon carcinoma (colo-205) was cultured in RPMI supplied with 10% FBS and antibiotics (50 units/mL penicillin and 50 units/mL streptomycin) at 37°C in a humidified atmosphere containing 5% CO~2~. No ethics approval was required for the use of this cell line. The cytotoxicity potential of individual formulations was evaluated by means of MTT colorimetric assay. Cells (1×10^4^ per well) were seeded in a flat-bottomed 96-well plate and incubated at 37°C and in 5% CO~2~. Cells were then exposed to a series of blank NPS and drug-loaded formulations at various dose concentrations. The cells were incubated for 24 hours and 48 hours, respectively. Cells were then treated with MTT reagent (20 µL/well volume from 5 mg/mL solution in PBS) for 3 hours at 37°C. DMSO (100 µL) was added to each well to dissolve the formazan crystals. The optical density (OD) was recorded at 570 nm in a microplate reader, and percentage of residual cell viability was determined. The cell cytotoxicity of different formulations is defined as the relative viability, which is the ratio of the number of live cells to that of the control cells (100%).

Cellular uptake study
---------------------

The cellular uptake of targeted (HA-conjugated) and nontargeted NP (silica NP) was studied on colo-205 cancer cells in a time-dependent manner. Rhodamine-B was used as a fluorescent dye and loaded in the NP. The cells were exposed with 1 mg/mL of Rho-B/SNP and Rho-B/hyaluronic acid-conjugated silica nanoparticles (HSNP) and incubated for various time points in standard 37°C and 5% CO~2~ conditions. The cells were then washed with cold PBS three times and completely dissolved in DMSO. The uptake of nanoparticles was measured using a fluorescence plate reader (Beckman Coulter, Inc., Brea, CA, USA). The total amount of NP entered into the cancer cell was quantified using the below formula: $$\begin{matrix}
{\%\ \text{cellular}} \\
\text{uptake} \\
\end{matrix} = \frac{\text{Amount~of~fluorescent~dye~taken~up~by~cells}}{\text{Total~amount~of~fluorescent~dye~added}} \times 100$$

Confocal laser scanning microscopy study
----------------------------------------

The cancer cells were seeded in a six-well culture plate and incubated for 24 hours. The cells were then treated with Rho-B/HSNP for 1 hour in serum-free RPMI media. The cells were washed three times with PBS to remove unbound nanoparticles and fixed in 4% paraformaldehyde. Lysotracker Green was used to stain the lysosomal region of the cancer cells. Fluorescence micrographs were acquired using the DAPI filter set of Nikon Eclipse TS100-F.

Apoptosis analysis (Hoechst 33382 staining)
-------------------------------------------

The cytotoxic effect of individual formulations was further characterized by apoptosis analysis. To determine the apoptosis effect, cells were seeded and incubated for 24 hours. Cells were then exposed with 1 µg/mL of free 5-FU, 5-FU/SNP, and 5-FU/HSNP and incubated for further 24 hours. The cells were washed twice and fixed with 4% paraformaldehyde for 20 minutes, and nuclei were stained with Hoechst 33342 (5 mg/mL) for 10 minutes at room temperature. After rinsing with PBS for three times, the images of cells were directly captured by fluorescent microscope (Nikon Eclipse TS100-F).

Cellular apoptosis analysis
---------------------------

The apoptosis analysis was performed by flow cytometer after staining with Annexin V-Fluorescein Isothiocyanate Apoptosis Detection Kit I (BD Biosciences, San Jose, CA, USA) according to the manufacturer's instructions. A549 cells were seeded in a six-well plate (1×10^6^ cells/well) and allowed to attach for 24 hours. Next day, media was removed and replaced with fresh media containing free 5-FU, 5-FU/SNP, and 5-FU/HSNP. The formulations were incubated for 24 hours. Cells were stained with Annexin V-fluorescein isothiocyanate and propidium iodide; the percentage of apoptotic cells was quantified by fluorescence-activated cell sorting analysis.

Antitumor efficacy study
------------------------

The animal study and protocols were approved (2015JUH45LK12) by the Institutional Animal Care and Use Committee, Shandong Cancer Hospital and Institute, People's Republic of China. A 12 hour-day/night cycle was followed, and animals were given free access to food and water. The antitumor efficacy study was performed in colon cancer cell bearing xenograft tumor model. The tumor model was established as per the reported protocol. Briefly, 1×10^6^ colo-205 cells (in 100 µL PBS) were subcutaneously injected into the right flank of mice, and the tumors were allowed to grow until 100 mm^3^. The mice were randomly divided into four groups and injected with respective formulations. The tumor size was measured using calipers. The tumor volume was calculated using the formula V =1/2×a×b[@b2-ijn-10-6445], where V is the tumor volume, and a and b are the largest and smallest diameters of the tumors. The mice were sacrificed, and tumors were extracted and histological and immunohistochemical studies were performed.

Statistical analysis
--------------------

Data were expressed as the mean value ±SD. Statistical analysis was performed with one-way analysis of variance (ANOVA) using SPSS software. *P*-value less than 0.05 were considered to be statistically significant.

Results and discussion
======================

Preparation and characterization of 5-FU-loaded HA-SiNP
-------------------------------------------------------

Colon cancer is regarded as one of the most common cancers with high rate of morbidity and mortality. In this regard, chemotherapy is the most convenient and preferred treatment modality to improve patient's profile and quality of life. 5-FU is used as a first-line chemotherapeutic drug in colorectal cancers, and immediately after surgery as an adjuvant therapy. 5-FU is a thymidylate synthase inhibitor (interferes DNA synthesis), which acts by arresting cancer cell growth at S-phase of cell cycle. However, intravenous administration of 5-FU results in large systemic distribution, with only a small fraction of the dose reaching the site of action. Therefore, it is utmost necessary to develop a nano drug delivery system to increase the therapeutic performance of 5-FU. In the present study, SiNP was used owing to its unique advantages such as excellent biocompatibility, high hydrophobicity, systemic stability, and resistant to pH changes, and also, it could be largely multifunctional. Furthermore, HA was conjugated on the surface of SiNP. Before conjugation of HA to the silica NP, HA was activated to expose free carboxylic acid group. The carboxylic group of HA was conjugated with the amine functional group of silica ([Figure 1](#f1-ijn-10-6445){ref-type="fig"}). The HA, which is composed of *N*-acetyl-D-glucosamine and D-glucuronic acid, interacts with the CDD4 overexpressing cancer cells. HA-based targeting delivery systems are expected to show great potential in clinical applications. The focus of this work was to use HA-SiNP to encapsulate 5-FU and deliver to colon cancer cells.

Particle size distribution and morphology of 5-FU-loaded NP
-----------------------------------------------------------

HA-SiNP was applied in order to improve the anticancer efficacy of 5-FU and to reduce its associated side effects. 5-FU was efficiently loaded into the core of Si NP with a high loading efficiency. The loading efficiency of 5-FU in NP was observed to be \~\>90% with a high loading capacity of \>15%. The conjugation of HA to the SiNP did not alter the loading efficiency of 5-FU. The average particle size of SNP and HSNP was observed to be \~95±2.3 nm and 138±3.4 nm, respectively ([Figure 2A](#f2-ijn-10-6445){ref-type="fig"}). The polydispersity index represented a uniform mono-dispersion with PDI \~0.12. It has been well documented that particles of \<200 nm are more advantageous as nanoparticles of reduced particle size could effectively increase the blood circulation profile of anticancer drugs and thereby avoid the reticuloendothelial system-mediated systemic clearance and passively target the anticancer drug to the tumor tissues.[@b18-ijn-10-6445]

The HSNP showed perfect spherical particles, which were uniformly dispersed in the TEM grid ([Figure 2B](#f2-ijn-10-6445){ref-type="fig"}). A darker core in the center and relatively grayish brush on the surface represent the HA-conjugated SiNPs. The hydrophobic drug is expected to locate at the center of the core. The particles of HSNP were stable and homogeneous, and the diameter was in good agreement with the results of particle size from DLS analysis.

Drug release study
------------------

The in vitro release study of 5-FU/SNP and 5-FU/HSNP was performed in PBS (pH 7.4) at 37°C ([Figure 3](#f3-ijn-10-6445){ref-type="fig"}). The data suggested that the rate of 5-FU release was significantly slower in HA-conjugated nanoparticle than SiNPs. It can be clearly seen that nearly \~30% of drug was released from SNP, whereas only \~18% of drug was released from HSNP in 24 hours. The trend continued until the end of release study wherein nearly 100% of drug released from SNP compared with \~70% from HSNP. The difference in drug release between the two carriers could be due to the presence of HA on the surface of nanoparticles. The delayed release of drug from HSNP indicates that it can act as an efficient drug carrier and could minimize the exposure of chemotherapeutic agents to normal tissues and increase the accumulation in tumor tissues.[@b19-ijn-10-6445]

It could be safely expected that 5-FU could be slowly released in plasma (limited release) under normal physiological conditions (pH =7.4), while quickly released at the solid tumor site (pH =5.5). The distinctive different release behaviors of 5-FU/SNP and 5-FU/HSNP indicated that drugs encapsulated in HA-conjugated nanoparticles could release in circulation at a stable speed. Thus, the drug concentration in plasma could be kept at a relatively stable level to guarantee that enough amount of drug would reach the tumor tissues.[@b20-ijn-10-6445]

Cellular uptake of nanoparticles
--------------------------------

5-FU was replaced with rhodamine-B to investigate the cellular uptake potential of targeted and nontargeted nanoparticles. The specific binding affinity of HA toward the CD44 overexpressing colon cancer cell was evaluated by means of cellular uptake study. As seen from [Figure 4A](#f4-ijn-10-6445){ref-type="fig"}, colo-205 cells incubated with SNP and HSNP showed remarkable uptake in a time-dependent manner. Specifically, HA-conjugated NP showed a significantly higher uptake throughout the study period. The variations in the uptake of different formulations could have occurred due to the different mechanisms of uptake. The SNP could be internalized due to the simple energy-dependent process via endocytosis receptor, whereas HSNP could be internalized by the specific CD44-mediated cellular pathways. The influence of targeting ligand on the NP surface was clearly visible after 4 hours of incubation, wherein HSNP exhibited \>45% of cellular internalization compared with 20% for nontargeted NP. The trend continued up to 24 hours. These results are consistent with the previous observation wherein it has been shown that HA coating enhances the permeability of 5-FU containing nanoparticles by a receptor-mediated internalization.[@b21-ijn-10-6445] From the results, it is apparent that the actively targeted nanoparticles will deliver more anticancer agent to cancer cell than the nontargeted one. These data suggest a role for receptor-mediated internalization of the actively targeted HSNP.

The mechanism of cellular uptake was further confirmed by confocal laser scanning microscopy. In the present study, nuclei were stained with Hochest33342 and the nanoparticle was loaded with rhodamine-B ([Figure 4B](#f4-ijn-10-6445){ref-type="fig"}). It could be easily seen that cytoplasm showed a bright red fluorescence, whereas nucleus was in blue color after 1 hour of incubation time. It should be noted that no fluorescence was observed in the nucleus and much of fluorescence was located in the cytoplasmic region. The nanoparticle formulation is expected to destabilize and disassemble in the lysosomal compartment to allow 5-FU release, which will then travel to nucleus and perinucleus region and enhance the anticancer efficacy. Similar mechanisms have been recently reported for a number of ligand decorated drug-loaded block copolymer micelle formulations targeted to relevant cancer biomarkers like EGFR, folate receptor, and integrin αVβ3.

In vitro cytotoxicity assay
---------------------------

The cytotoxicity of blank nanoparticle was investigated in Colo-205 colon cancer cells. The cells were treated with individual formulations at various concentrations and incubated for 24 hours. As seen from [Figure 5A](#f5-ijn-10-6445){ref-type="fig"}, blank NP did not induce any appreciable toxicity, and the cell viability remained more than 85% throughout all the concentrations tested. The high cell viability of blank NP indicates its excellent biocompatibility and would be suitable for the systemic administration or cancer targeting. It is worth noting that at highest concentration (100 µg/mL), bare SNP exhibited \~85% cell viability, whereas HA-conjugation on the surface significantly improved the cell viability indicating its excellent biocompatibility.

The cytotoxic effect of free 5-FU, 5-FU/SNP, and 5-FU/HSNP was evaluated in colo-205 colon cancer cells ([Figure 5B and C](#f5-ijn-10-6445){ref-type="fig"}). The cell viability of cancer cells was determined using MTT assay. The result clearly showed a dose-dependent cytotoxic effect of all the formulations. Especially, HSNP showed a superior anticancer effect after 24 hours of incubation. For example, IC50 value of 5-FU/HSNP was 0.65 µg/mL compared with \~2.8 µg/mL for 5-FU/SNP after 24 hours incubation. These observations well correlated with the higher accumulation of drug in the cancer cells due to the enhanced uptake of HA-conjugated nanoparticles. These results are consistent with other studies wherein it has been shown that HA-conjugated nanomaterials have good tumor-targeting and penetrating ability for drug delivery under in vivo and in vitro models.[@b22-ijn-10-6445]

Specific targeting of malignant tissue for diagnosis and therapy is one of the major goals in recent nanotechnology. The use of specific modified nanoparticles offers the possibility of efficient drug transport and application into the targeted tissue. Therefore, HSNP could be an interesting carrier for the successful delivery of 5-FU in colon cancers.

Qualitative apoptosis analysis (Hoechst staining)
-------------------------------------------------

The cytotoxic effect of individual formulation was studied by Hoechst staining and visualized by DM6000CS, Leica Microsystems, Wetzlar, Germany. Untreated cells were homogeneously tarnished blue, with few or no apoptotic cells existed as shown in [Figure 6](#f6-ijn-10-6445){ref-type="fig"}. The control cells maintained a definite morphology with clear boundary. The exposure of free drug slightly fragmented the cancer cells; however, remarkable apoptosis was observed in 5-FU/HSNP-treated cancer cell group. The 5-FU/HSNP-treated group showed highly condensed cell, had thick-stained nuclei, and had fragmented chromatin and apoptotic bodies. The qualitative apoptosis study was consistent with the cytotoxicity study in which HA-conjugated nanoparticles showed a superior anticancer activity.

Quantitative apoptosis analysis (flow cytometer)
------------------------------------------------

The quantitative apoptosis analysis was investigated by Annexin V-FITC/PI staining assay. Annexin V/FITC detects the phosphatidylserine externalization, which characterizes early apoptotic events. Cancer cell death can be programed (apoptosis) or nonprogramed (necrosis). The apoptosis-inducing effect of formulations was evaluated by counting the early apoptosis and late apoptosis ([Figure 7](#f7-ijn-10-6445){ref-type="fig"}). The result clearly showed that HA-conjugated NP was more effective in inducing apoptosis in cancer cells than nontargeted NP. For example, 5-FU/HSNP showed \~45% of cell apoptosis (early and late apoptosis stage) compared with only 20% for 5-FU/SNP-treated group. The result was consistent with the cellular uptake study, where HA-conjugated NP showed an enhanced cellular uptake. 5-FU, being a pyrimidine analogue, gets metabolized into different cytotoxic metabolites such as fluorodeoxyuridine monophosphate (FdUMP), fluoro-deoxyuridine triphosphate (FdUTP), and fluorouridine triphosphate (FUTP) inside the cells. These derivatives incorporate into DNA and RNA leading to cell death. One of the cytotoxic metabolites, FdUMP, blocks the synthesis of pyrimidine thymidine, which is required for DNA replication. The effectiveness of HSNP has been successfully proved in our study, which makes HA-conjugated NP a promising source for colon cancer therapy with high antitumor activity.

Antitumor efficacy analysis
---------------------------

The antitumor efficacy of individual formulations was tested in xenograft tumor model. As shown in [Figure 8A](#f8-ijn-10-6445){ref-type="fig"}, tumor volume constantly increased in case of untreated mice group. The free drug, though inhibited the progression of tumor to an extent, is far behind the reasonable antitumor response. Consistent with the in vitro studies, HSNP was highly efficient in suppressing the tumor growth. The remarkable antitumor response might be attributed to the targeting ability of HA, which is present on the surface of nanoparticles. The targeting moiety could enhance the concentration of 5-FU within the tumor tissues.

Histological and immunohistochemical analysis
---------------------------------------------

H&E staining clearly showed that 5-FU/HSNP exhibits typical signs of cancer cell apoptosis such as apoptotic body formation and could inhibit the cancer cell proliferation ([Figure 8B](#f8-ijn-10-6445){ref-type="fig"}). Similar results were observed after Ki67 antibody staining. 5-FU/HSNP showed remarkable anticancer activity in colon cancer cells ([Figure 8C](#f8-ijn-10-6445){ref-type="fig"}). The proportion of Ki67 in 5-FU/HSNP-treated group was significantly lower than that of either free drug or nontargeted SiNPs.

Conclusion
==========

In conclusion, we have successfully prepared 5-FU-loaded HA-conjugated SiNPs to target the colon cancer cells. In this study, we have showed the specific binding and intracellular accumulation of targeted nanoparticles based on HA surface modifications in colon carcinoma cells. The particles had spherical shapes with sizes of approximately 130 nm. HA-conjugated nanoparticles showed a sustained release pattern for 5-FU and continuously released for 120 hours. We have further investigated the cytotoxicity potential of targeted and nontargeted nanoparticles in colo-205 cancer cells. IC50 value of 5-FU/HSNP was 0.65 µg/mL compared with \~2.8 µg/mL for 5-FU/SNP after 24 hours of incubation. The result clearly showed that HA-conjugated NP was more effective in inducing apoptosis in cancer cells than nontargeted NP. The 5-FU/HSNP showed \~45% of cell apoptosis (early and late apoptosis stage) compared with only 20% for 5-FU/SNP-treated group. The HA-conjugated nanoparticles provide the possibility of efficient drug transport into tumors that could effectively reduce the side effects in the normal tissues. 5-FU/HSNP was highly efficient in suppressing the tumor growth in xenograft tumor model. The proportion of Ki67 in 5-FU/HSNP-treated group was significantly lower than that of either free drug or nontargeted SiNPs. Altogether, we have showed that conjugation of HA to SiNPs could result in enhanced uptake of 5-FU through CD44-mediated endocytosis uptake and could result in significant antitumor efficacy. Thus, 5-FU/HSNP could be a promising drug delivery system for colon cancer therapy.
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![Schematic illustration of preparation of hyaluronic acid-conjugated silica nanoparticles.\
**Notes:** 5-fluorouracil was used as a model drug to load in the nanoparticles. The carboxylic group of HA was activated and conjugated with the amine functional group of silica nanoparticles.\
**Abbreviations:** HA, hyaluronic acid; 5-FU, 5-fluorouracil; NP, nanoparticles.](ijn-10-6445Fig1){#f1-ijn-10-6445}

![Physicochemical characterization of 5-FU/HSNP.\
**Notes:** (**A**) Particle size distribution of 5-FU/HSNP, (**B**) transmission electron microscope images of 5-FU/HSNP.\
**Abbreviations:** 5-FU, 5-fluorouracil; HSNP, hyaluronic acid-conjugated silica nanoparticles.](ijn-10-6445Fig2){#f2-ijn-10-6445}

![In vitro release profile of 5-FU/SNP and 5-FU/HSNP in phosphate-buffered saline (pH =7.4) at 37°C.\
**Notes:** The release study was conducted up to 120 hours, and the amount of drug released was evaluated by means of HPLC technique. \**P*\<0.05.\
**Abbreviations:** HPLC, high performance liquid chromatography; 5-FU, 5-fluorouracil; HSNP, hyaluronic acid-conjugated silica nanoparticles; SNP, silica nanoparticles.](ijn-10-6445Fig3){#f3-ijn-10-6445}

![Cellular uptake of targeted and non-targeted nanoparticles.\
**Notes:** (**A**) Intracellular uptake of 5-FU/SNP and 5-FU/HSNP in colo-205 colon cancer cells. Rhodamine-B was used as a fluorescent dye. The uptake is shown as a percentage of total amounts of NP (dye) incubated with the cancer cells. (**B**) Representative confocal microscopy images of 5-FU/HSNP in colo-205 cancer cells. The cells are stained with Lysotracker lysosomal stain, and DAPI was used to stain the nucleus. \**P*\<0.05, \*\**P*\<0.01.\
**Abbreviations:** 5-FU, 5-fluorouracil; HSNP, hyaluronic acid-conjugated silica nanoparticles; SNP, silica nanoparticles; NP, nanoparticle.](ijn-10-6445Fig4){#f4-ijn-10-6445}

![Cytotoxicity assay.\
**Notes:** (**A**) The toxicity of blank nanoparticles on colo-205 cancer cells, (**B**) cytotoxicity of 5-FU, 5-FU/SNP, and 5-FU/HSNP in colo-205 colon cancer cells. All experiments were done by MTT assay in four replicates from three independent experiments. Data was represented as mean ± SD. (**C**) Morphological images of cancer cells upon treatment with the respective formulations. \**P*\<0.05.\
**Abbreviations:** 5-FU, 5-fluorouracil; HSNP, hyaluronic acid-conjugated silica nanoparticles; SNP, silica nanoparticles; NP, nanoparticles.](ijn-10-6445Fig5){#f5-ijn-10-6445}

![Cell apoptosis observed by Hoechst 33342 staining.\
**Notes:** Cells were treated with 5-FU, 5-FU/SNP, and 5-FU/HSNP for 24 hours, subsequently stained, and observed under UV light or white light\
**Abbreviations:** 5-FU, 5-fluorouracil; HSNP, hyaluronic acid-conjugated silica nanoparticles; SNP, silica nanoparticles; NP, nanoparticles.](ijn-10-6445Fig6){#f6-ijn-10-6445}

![Annexin V-FITC FACS apoptosis analysis of HN6 cancer cells after treatment with free 5-FU, 5-FU/SNP, and 5-FU/HSNP for 24 hours and 48 hours.\
**Notes:** \**P*\<0.05, \*\**P*\<0.01.\
**Abbreviations:** FACS, fluorescence-activated cell sorting; 5-FU, 5-fluorouracil; HSNP, hyaluronic acid-conjugated silica nanoparticles; SNP, silica nanoparticles.](ijn-10-6445Fig7){#f7-ijn-10-6445}

![Antitumor efficacy of different formulations.\
**Notes:** (**A**) Tumor inhibitory effect of different formulations on colon cancer cell bearing xenograft tumor model. The antitumor efficacy study was carried up to 20 days. (**B**) H&E staining. (**C**) Ki67 immunohistochemical study in extracted tumor. H&E staining: Eosin is an acidic dye, and it stains basic (or acidophilic) structures red or pink. Hematoxylin can be considered as a basic dye (general formula for basic dyes is dye^+^Cl^-^). Hematoxylin is actually a dye called hematein (obtained from the log-wood tree) used in combination with aluminium ions (Al^3+^). Ki-67 is a protein in cells that increases as they prepare to divide into new cells. A staining process can measure the percentage of tumor cells that are positive for Ki-67. The more positive cells are present, the more quickly they are dividing and forming new cells and more densely they are stained. \*\**P*\<0.01, \*\*\**P*\<0.001.\
**Abbreviations:** 5-FU, 5-fluorouracil; HSNP, hyaluronic acid-conjugated silica nanoparticles; SNP, silica nanoparticles.](ijn-10-6445Fig8){#f8-ijn-10-6445}
